ABSTRACT In electric drives, the lifetime of the power electronics stage is strongly reduced by the command signals from the speed controller because the features of the power electronics stage are not included in the controller design. A reduction in the power electronics lifetime generates premature fault conditions during the operation of electric drives, which directly affects the industrial processes where the power electronic stage is used. Thus, power electronics stages for controllers are frequently overdesigned, which reduces their efficiency and increments their weight, size, and cost. Power electronics stages are generally designed using essential electronic devices, such as insulated gate bipolar transistors (IGBTs) or metaloxide-semiconductor field effect transistors (MOSFETs) that have limited lifetimes. In electric drives, these power electronics components work under high switching frequencies to drive high electric power to achieve the desired mechanical references, such as speed and position in electric brushless dc motors. In this paper, we propose power electronics lifetime optimization and a faster speed response in a brushless dc motor drive by a fuzzy particle swarm optimization (Fuzzy-PSO) controller, which is a fuzzy logic controller (FLC) modified by PSO. Moreover, an objective function which includes the desired speed and the reference temperature is proposed. The proposed controller is compared with a conventional proportionalintegral-derivative (PID) controller and FLC via co-simulation in Multisim and LabVIEW software. The results confirm that the Fuzzy-PSO has a superior speed performance and improves the lifetime in the power electronics stages. This proposal is an important contribution to industrial electric drives that require incrementing the power electronics lifetime. 
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Conduction losses of the IGBT P CT Conduction losses of the diode P ij (k) Particle local best position i, dimension j at iteration k P swD Switching losses of the diode P swQ Switching losses of the IGBT P swT Switching losses of the IGBT R Stator resistance r 1 , r 2 Random numbers r C Collector-emitter on-state resistance r D Anode-cathode on-state resistance R th(c−f ) Contact thermal resistance between case R th(f −a) Thermal resistance between heat sink and ambient air R th (j−c) In recent years, the use of the brushless DC motors (BLDCMs) has increased in several applications such as industrial process controls, precision machine tools, automotive electronics, aerospace, robotics and electric vehicles. Owing to their advantages, such as having a simple structure, low noise, high electromagnetic torque and high efficiency. BLDCMs have been used more frequently in high performance electric drives [1] - [4] . There are mainly two types of speed control structures for BLDCMs: open-loop and closed-loop. These topologies are directly related to the power electronics stage 47842 VOLUME 7, 2019 and the sensing system in the electric drive. In closed-loop structures, a three-leg inverter is a primary scheme in the power electronics stage that usually includes insulated-gate bipolar transistors (IGBTs) or metal oxide semiconductor field effect transistors (MOSFETs). Furthermore, the sensing system includes Hall effect sensors, which acquire the rotor's position and provides an electrical signal according to the magnetic field strength. Control algorithm like including fuzzy logic, fuzzy particle swarm optimization (Fuzzy-PSO) and proportional-integral-derivative (PID) are commonly used in speed control design [5] - [9] . Nevertheless, in this paper, this is the first time Fuzzy-PSO has been deployed for the purpose of optimization the temperature of the power electronics stage and the reference speed in a BLDCM.
The BLDCM's speed control requires high-power switching in semiconductors. Thus, semiconductors work under high thermal stress in order to reach the reference speed. In some cases, after a certain period of operation, the semiconductors became damaged due to because the speed controller stresses produced by the power electronics devices, when the controller generates command signals that are unregulated, which reduces their lifetime [10] - [13] . Hence, research on predicting and improving the lifetime of semiconductors has been promoted with the aim of developing new control algorithms that will help to improve the conditions within the semiconductors [14] . Usually, the study of the lifetime of power electronics devices is carried out through real experiments performed by power electronics manufactures who provide information on how to design power electronics stages possessing components such as IGBTs or MOSFETs.
During these tests, the evaluation conditions are repetitively applied until the device fails or the device breakdown [4] , [13] . As a result, the capacity of power cycling and temperature cycling can be provided by power electronics component manufactures [15] - [17] . These experiments help to predict failures; however, during real world operations, the power electronics stage works under different conditions like temperature, voltage, and current, depending on the command signals from the controller [12] , [15] , [18] , [19] . Therefore, the control design stage plays an important role in reducing early failure and increases the reliability of the power electronics stage which works under several operating conditions like thermal stress, current, and voltage [6] , [20] - [22] .
In this work, the designed controller uses an optimization process based on an objective function that considers the temperature of the power electronics stage in order to increment its lifetime, as track the motor's reference speed. In fact, the motor's speed response and the temperature of the semiconductors are considered in the proposed objective function for tuning the fuzzy logic controller in order to increase the lifetime of power electronics devices. Cosimulations are used to validate the ability of the proposed controller to optimize the lifetime of power electronics and track the reference speed of the BLDCMs in dynamic regions; these co-simulations are carried out by software and hardware elements. When a new electric drive system is designed, it is important to know its global and local temperature behavior as well as its operating conditions [23] - [25] . In designing and analyzing the proposed controller in BLDCM, cosimulation helps combine two or more specialized programs to utilize advanced models, while avoiding implementation problems between the control systems and the power electronics stage [26] . Co-simulation consists of coupling and unifying two modeling systems in different languages in order to analyze them as a unique problem, which allows for the simulation of dynamic scenarios and the analysis of the controller's behavior during some period of time [27] . On the other hand, a PSO algorithm has been implemented in several fields [28] because of its easy implementation and few parameters that need to be tuned. This paper is divided into four sections. Section I describes the BLDCM model, Section II presents the calculation of the power electronics lifetime, Section III details the optimization of the power electronics lifetime and the tracking of its speed reference and finally Section IV provides the validation of the proposed controller in co-simulation. Furthermore, the power electronics stage is designed and modeled in Multisim TM , and it includes a BLDCM and a power electronic converter based on IGBTs. The PID controller, fuzzy logic controller and Fuzzy-PSO controller are modeled and designed in LabVIEW TM .
II. STRUCTURE AND DRIVE MODE OF BLDCM
The BLDCM speed control structure can be divided into the following: a rotor structure, a monitoring system, a control system and a power inverter system. The rotor structure includes a stator with an armature winding similar to that seen in synchronous motors or induction motors. The monitoring system is made up of position sensors. The control system commonly includes reference signals and measurement signals. Finally, the power inverter system is composed of power electronics components to drive the BLDCM. Fig. 1 shows the circuit design of a standard BLDCM in Multisim TM .
A. DRIVE MODE OF BLDCM
The speed of the BLDCM (M1) is driven by the current, which is created because the coils generate a magnetic field orthogonal to the direction of the magnetic field produced by the permanent magnets (PM) when a voltage (V1) is applied on the stator. The current sequence is accomplished by driving the semiconductors, Q1, Q2, Q3, Q4, Q5, and Q6. The motor position is measured by three Hall effect sensors (A, B and C), which send a voltage signal to specific coils of the BLDCM [29] .
B. STATES-SPACE MODEL
The dynamic BLDCM model can be described in state space form, which is a representation of a set of differential equations. According to [1] the dynamic BLDCM model considers a coupled circuit of the stator winding regarding motor VOLUME 7, 2019 FIGURE 1. BLDCM drive design in multisim TM .
FIGURE 2. Equivalent circuit of the BLDCM.
electrical constants, which is described in Eq. 1, where R is the stator resistance per phase, i as , i bs , and i cs are the stator phase currents; and e as , e bs , and e cs are the values of the rotating back electromotive forces (Back-EMFs) produced by the winding flux linkage caused by the rotating rotor. The BLDCM can be represented by the equivalent circuit shown in Fig. 2 . 
Since the model considers the windings to be symmetrical, the self-inductance will be equal as 
The complete model of the electromechanical system is described by Eq. 5
where T l is load torque, J is the rotor's moment of inertia, and B is the viscous coefficient, ω m is the angular velocity anḋ ω m is the angular acceleration.
III. THERMAL LOSSES
The IGBT module power losses are given as the sums of losses produced by the IGBT chips and the diode chips.
A. SEMICONDUCTOR LOSSES
Power losses can be classified as conduction losses and switching losses [14] , [15] , [18] , [30] , [31] . These losses can be approximated through data included in the specification sheet or datasheet. The analytical methodology to calculate the power losses is presented as follows. The instantaneous value of IGBT conduction losses is given by Eq. 6
where U CE0 is the collector-emitter tension, I Cav and I Crms are the average current value and root mean square current value respectively, while r C is the collector-emitter on-state resistance value. I Cav , I Crms and r C are approximated by the IGBT curves shown in Fig. 3 . The instantaneous value of diode conduction losses is given by Eq. 7.
where U D0 is the tension of the anti-parallel diode, I Dav and I Drms is the average current value as well as the root mean square current value respectively, while r D is the anodecathode on-state resistance value. I Dav , I Drms and r D can be estimated by using the diode curves showed in Fig. 4 . During the process of the transition from on-state to off state losses occur which are called switching losses. Thus, the IGBT turnon energy losses are given by Eq. 8
and, the IGBT turn-off energy losses are given by Eq. 9
where U CE (t) represents the collector-emitter tension and I C (t) represents the collector current during the process of IGBT commutation. Fig. 5 shows the switching energy losses. On the other hand, the energy losses of the diode turn-on are mostly presented when the reverse-recovery energy occurs. This is given by Eq. 10
where U D (t) and I F (t) is the anode-cathode tension as well as the forward current respectively when the IGBT is turned on. P swT and P swD represent the switching losses in the IGBT and diode respectively. The switching losses are calculated VOLUME 7, 2019 by multiplying the switching energies and the switching frequency F sw as shown in Eq. 11 and 12. Furthermore, the switching losses in the diode are normally neglected according to [15] , then E offD = 0.
Finally, the power losses in the IGBT module are calculated by the sum of switching losses and conduction losses as is shown in Eq. 13. W = P CT + P swT + P CD + P swD (13) It is common that the heat generated by power loss dissipates when the IGBTs are mounted onto a heatsink. An IGBT module can be represented by several equivalent circuit models as is shown in Fig. 6 . One of these is the continued fraction circuit or Cauer model shown in Fig. 6 (a) , which represents the thermal resistance of the semiconductor, where W are the power losses of module, T j is the junction temperature IGBT, T f is the heat sink temperature, T c is the module case temperature, T a is the ambient temperature, R th(j−c) is the thermal resistance between the case and the heat sink, R th(c−f ) is the contact thermal resistance between the case and the heat sink, and R th(f −a) is the thermal resistance between the heat sink and the ambient air. Thus, the junction temperature T j is obtained using the thermal Eq. 14, where the units of the thermal resistances are given in ( • C/W ) and the units of the power losses in (W ) according to [14] , [18] .
The Foster model represents the total or a partial value of the thermal impedance of the semiconductor as an electrothermic network [15] , [21] . Fig. 6(b) shows a representation in order to make the approximation of the temperature changes in the aforementioned semiconductors [18] , [21] . According to Fig. 6(b) , P swQ represents the switching losses of the IGBT, P cQ indicates the conduction losses of the IGBT, T jQ is the temperature of the IGBT junction, Z th_jc_Q is the IGBT thermal impedance, R th_CH _Q is the IGBT thermal resistance, T cQ is the thermal case under the IGBT, P swD represents the switching losses of the diode, P cD indicates the conduction losses of the diode, T jD is the temperature of the diode junction, Z th_jc_D is the diode thermal impedance, R th_CH _D is the diode thermal resistance, T cD represents the thermal case under the diode and T h is the temperature of the heatsink.
B. THE LIFETIME OF SEMICONDUCTORS
The lifetime of power electronics semiconductors is an important feature to consider in the design and selection of components for power electronics applications. Lifetime is usually obtained from the power cycle capability curve, which is provided by the manufacturer and shows the relationship between the temperature change T j and the number cycles. The power cycle capability curve describes the process of the swift increases and decreases in the junction temperature, which affect the lifetime of power electronics semiconductors and lead to early failures. These early failures are caused by the deterioration of the interface between the aluminum bonding wire and the chip surface. Fig. 7 shows an example of these changes of temperature [18] .
Thermal stress is presented as a consequence of the temperature difference T j between silicon and the bonding wire, which happens during the changes of temperature. Since the temperature oscillates in a short time cycle, the lifetime of power electronics semiconductors is mainly limited by the aluminum bonding wire joints. Finally, the estimation of the lifetime of semiconductors can be given as the time before failure (TBF) or the cycles before failure (CBF) in years. Hence, this estimation considers the thermal losses, which can be compute through an equivalent circuit, shown in Fig. 6(b) . The power cycling lifetime curve is provided by the datasheet of the power electronic semiconductor manufacturer, shown in Fig. 8 , which presents an example of the IGBT module power cycle capability curve for T jmin = 25 • and T jmax = 150 • according to [15] , [16] . The parameters of the IGBTs considered in Multisim co-simulation in this work, are listed in Table 2 , are obtained from the datasheet of IGBT 10-0B066PA00Sb-M992F0 [32] . The calculation of CBF is given by Eq. 15., which is a result of an approximation of Fig. 8 and is in function of the temperature changes shown in [18] , [22] , [23] ,
Thus, α is a constant value for the material properties that is given as α = 541162959016419 and n is the equivalent strain of the Coffin-Masson exponent as n = 5.12121.These parameters are obtained through a regression algorithm of the power cycling lifetime curve shown in Fig. 8 . The TBF is given in years and calculated according to Eq. 16 where F r is the frequency of the thermal oscillations [18] , [23] , [33] .
IV. FUZZY LOGIC CONTROLLER
Fuzzy Logic was proposed in [34] as a class of fuzzy sets with a continuum grade of membership. The main stages of a Fuzzy Logic Controller (FLC) are:
• A Fuzzification interface that transforms crisp input values into fuzzy values
• A knowledge base that consists of a database and a linguistic rule base
• An inference engine that makes decisions employing fuzzy implication and linguistic rules • A defuzzification interface that yields a nonfuzzy control action from an inferred fuzzy control action
A. DESIGN OF FLC TO SPEED CONTROL OF BLDCM
The main idea in the FLC design is to characterize the controller law by a set of linguistic rules selected according to a knowledge based table. A useful methodology to design FLCs is based on a linguistic phase plane [35] , as shown in Fig. 9 . The error e(t) and the error changeė(t) are considered as inputs, and they are given by Eq. 17 and Eq. 18, respectively. i c is the conclusion in range from 0% to 100 % of the duty cycle which established the average supply voltage in the VSI. The controller is designed according to the Mamdani inference methodology. Fig. 10 depicts the membership functions for the input and output variables
Eq. 17 is the mechanical speed error e c (t), which is defined as the difference between the desired speed ω d (t) and the current speed ω(t). The linguistic knowledge base is expressed as a set of linguistic rules such as the if-then statements.
In this case the rules have the linguistic expression If e(t) is A anḋ e(t) is B then i c is C
, where A, B and C are linguistic values defined in a universe of discourse (N: negative, Z: zero and P: positive) as shown in Fig. 10 . The inference engine is summarized in Table 1 . Finally, the defuzzification stage gets a crisp value from the rule evaluation stage through the centerof-gravity method, as shown in Eq. 19.
VOLUME 7, 2019 FIGURE 9. Linguistic phase plane.
FIGURE 10.
Input-output membership functions where e is the error,ė is the error derivative, and i c is the output.
The design of a FLC considers the linguistic plane and the rules shown in Table 1 . Thus, a robust and fast controller design with small/big rise time as well as a small/big overshoot is possible according to this methodology. 
B. PARTICLE SWARM OPTIMIZATION
Particle Swarm Optimization (PSO) was developed in [36] . This method is based on the behavior and movement of bird flocks looking for targets and it was developed to optimize nonlinear and multidimensional functions. The steps of the algorithm can be described as follows:
Update velocity Update position Get local best Get global best
• Result This method has been applied to many problems, including estimation, pattern recognition, and multi-objective optimization, to name a few [28] , [37] . This algorithm works with a known numbers of particles, which collectively referred to as the population. The algorithm initializes the population in a random way, where each particle has a position x i (t) and a velocity v i (t) with respect to a target. Then, each particle is evaluated in the main loop, where x i (t) and v i (t) are updated in each iteration. The new position is compared with the previous best local position P i (t)),and if the new position is better than the previous best local position, then the best local position value is updated. Finally, the new position also is also compared with the best global position g(t), where g(t) is closest with respect to a target and if the new position is better than the best global position, then the best global position value is updated. Specifically, the position and velocity are updated as follows:
where
• i = 1, 2, . . . , H and H is the size of the population • j = 1, 2, . . . , M and M is the number of dimensions
. , iter and iter is the maximum iteration number
• x ij (k) is the position of the particle i, dimension at j at iteration k
is the velocity of the particle i, dimension at j at iteration k
• P ij (k) is the local best position of particle i, dimension j at iteration k
are the acceleration constants
• r 1 , r 2 are independent random numbers, uniformly distributed in (0,1). Thus, the primary objective is to find a minimal global value from the cost function as shown in the following pseudocode [37] .
Step 1: Initialization. For each particle of population N, do
• Initialize the position of each particle
Step 2: Repeat until the criterion is satisfied. For each particle of population N, do
• Set random numbers to r 1j and r 1j
• Update its velocity with Eq. 19
• Update its position with Eq. 20
Step 3: Get the best solution g(k)
V. DESIGN OF FUZZY-PSO CONTROLLER A. OPTIMIZATION OF THE PREVIOUS FLC BY PSO
The design of the controller considers two objectives: the first objective is to reach the desired motor speed, and the second objective is to increase the lifetime of the semiconductors. Hence, the BLDCM speed control design is based on the FLC technique and PSO algorithm. The PSO algorithm is used to optimize the membership functions of the FLC, as shown in Fig. 11 . According to [38] , the objectives can be considered as a single objective by means of the weighted sum approach, where a weight w l is assigned to each objective function as follows
Furthermore, one of the leading features is the definition of the objective function f c , which considers the temperature error e t and the speed error e c and is expressed as in Eq. 23.
where, e t is the difference between the desired temperature and the operating semiconductor temperature as e t (t) = t d (t) − t(t), and e c is the difference between the desired speed and the sensed speed according to Ec.17. The design control is proposed to limit the maximum junction temperature which is affected by several factors like switching frequency, rise and peaks of current. The control is designed to limit the maximum junction temperature which is affected by several factors like the switching frequency, rise and peaks of current. The BLDCM drive has a very close relationship between the lifetime of semiconductors and speed control in the BLDCM [22] , since during their operation, the BLDCM drive works under rising and peaks of temperature, which are caused by the demand of current and high frequency of operation. In this work, w 1 and w 2 are considered as w 1 = w 2 = 0.5 in order to reach both objectives and can analyze the benefits regarding to the proposed controller against other controllers. The membership functions of FLC are modified by PSO algorithm in order to minimize the rise and peak of currents at the same time that the speed desired is reached. The main aim of optimization is maintaining the power electronics elements at a low temperature during their operation in order to increase their lifetime. The optimization process considers each membership function as a decision variable, and the optimization constraints are the mechanical capacity value of BLDCM and the thermal capacity value of IGBTs which are shown in Table 2 . The Fuzzy-PSO controller design utilizes the same methodology for designing an FLC, presented in the section entitled ''Design of an FLC for the Speed Control of the BLDCM'', where e andė are the inputs and i c is the output, and their membership functions and rules base are shown in Fig. 12 and Table 1 , respectively. The PSO algorithm is implemented to tune the input and output membership function parameters in order to reach the speed desired and the temperature in the power electronic stage, the temperature is only used as a change to be added to the objective function. The PSO algorithm is used to find the best positions of membership functions in the FLC. It initializes the position of each particles in a random way, where the membership function parameters are these positions, and then a new position and new velocity are computed and evaluated in the FLC. If the FLC has a good response, then this is considered as the best local or global solution, but if the solution is not the best, then the algorithm computes new positions, which are evaluated again, and the process continues until the algorithm finds the best solution, as shown in the flowchart of Fig. 12 . As a result of the PSO optimization process, the membership functions tuning are shown in Fig. 13 .
B. CO-SIMULATION DESIGN
In order to validate the proposed controller, it is necessary to determine the controller's response in several scenarios. The proposed scheme includes different subsystems, such as a speed controller, a power electronic drive and the BLDCM. Each subsystem can be simulated by different specialized software, but in a real word, the system works as a coupled problem. Thus, co-simulation is useful because it allows multiple subsystems to be modeled and simulated as a coupled problem and helps analyze the dynamic response during a specific period of time [29] in order to know or predict controller's behavior. Co-simulation uses an experimental frame (a set of assumptions) to obtain the behavior trace and compare it with a real world scenario, which helps validate controller's performance under specific assumptions [26] , [39] . The subsystems that integrate the proposed BLDCM speed controller are designed in co-simulation through LabVIEW TM and Multisim TM tools, as shown in Fig. 14 . The BLDCM, the Hall effect sensors, and the six-step inverter are designed in Multisim TM . The parameters utilized in the design of the BLDCM, the six IGBT 10-0B066PA00Sb-M992F09 [32] and the six-step inverter are shown in Table 2 . The PID controller, FLC controller and Fuzzy-PSO controller are designed in LabVIEW TM software, the proposed Fuzzy-PSO control in this work is designed with the Fuzzy Logic Toolkit [35] , the PSO optimization is developed in Labview TM . The PSO algorithm parameters are selected according to the dynamic system and the sample time of the controller through online experimentation [20] , [39] , [40] as is shown in Table 3 .
At last, the performance of the Fuzzy-PSO controller is validated by means of a thermal acceleration test in cosimulation. The power cycling test and temperature cycling test are the two most common thermal acceleration tests which are used to evaluate the reliability and lifetime of semiconductors [41] . The power cycling test accelerates the operation of an IGBT module through submits it under the rise and fall junction temperature due to a high frequency of commutation and as a result, this thermal stress produces that the IGBT module fails [22] , [25] . Hence, one advantage of this test is that the failures are accelerated and run in a short period of time. On the other hand, the implementation of the controller and metaheuristic algorithm depends on several features, for instance, processing time. Thus, the implementation in FPGA devices has been developed and analyzed in recent works as shown in [9] , where the authors demonstrate that the implementation of an optimization process does not decrease the controller performance. In [42] , the methodology called V design proposes to move from the co-simulation to the experimental prototype in order to minimize the time of design, cost and setting parameters in the controller. For this reason, the V methodology is adopted in this paper. 
C. DISCUSSION AND RESULTS
The proposed control law considers two control objectives: the track the speed reference and to maintain the desired temperature to increase the lifetime of the IGBTs. Hence, the optimization trade-off is tasted on PID, fuzzy and Fuzzy-PSO controllers in the co-simulation program. The controllers are evaluated under different desired temperatures, which are 25, 30, 35, 40, 60, 80 and 100 • C. Likewise, the reference speed is evaluated at 10 m/s and 5 m/s. The PID controller is implemented by PID Advanced Autotuning VI from the Labview TM Toolkit, which includes the features of PID control such as proportional gain, integral time and derivative time. Besides, this toolkit can also be implemented in co-simulation applications.
According to the desired speed and temperature parameters, the PID controller's response to reach the reference speed requires a short time in comparison with the other two controllers. When this controller works under different desired temperatures such as 25, 30, 35, 40, 60, 80 and 100 • C, in the IGBTs, the PID controller does not present an improvement because of the temperature. Additionally, the FLC improves the response when the desired temperature values are at 40 • and 60 • , owing the decrease in the operating temperature reaching 100 • . In the other cases, the temperature remains steady at 125 • , equivalent to that of the PID control. Moreover, the speed control response is similar to that of the PID. When the temperature decreases, the time taken to reach the desired speed increases. The result of the temperature changes needed for reaching the desired set point is compared and analyzed in Fig. 15 .
Compared with the fuzzy and PID controllers, the Fuzzy-PSO controllers present the best response in terms of accomplishing the control objectives, because it reduces the overshoot of current when the reference temperature and speed are reaches [43] . The best response is achieved when the desired temperature reaches 30 • . The desired speed is attained in a smooth manner, with just a small overshoot of current, thereby presenting an increased time to reach the desired speed in comparison to the PID and FLC controllers. Fig. 16 shows the response of the controllers when tasked with reaching various desired speeds. As a result of this analysis, the Fuzzy-PSO controller increases the time it takes to reach the set point and reduces the overshoots in the transition time; this helps to increase the lifetime of the IGBTs. In co-simulation, the Fuzzy-PSO controller starts with the parameters of the membership function of linguistic variables described in Fig. 10 . Then, the PSO algorithm starts to move the online parameters of this membership function so that the adaptation velocity of these parameters is based mainly on inertia parameters and acceleration factors. If these parameters are too big, the controller does not reach the desired values; therefore, these parameters should be small. In Fig. 13 , the final adaptation of the membership functions in order to reach the desired set point can be observed. Likewise, in Fig. 16 , the adaptation velocity of the proposed controller is shown; in comparison with other controllers, the Fuzzy-PSO increased the time taken to achieve the desired speed. In Fig. 15 , it is shown how the Fuzzy-PSO maintains the IGBTs at a low temperature range. a good response in terms of its ability to increase the lifetime of IGBTs in the power electronics stage. In order to calculate the lifetime cycle of the power module, it is necessary to use the datasheet regarding thermal information provided by the product manufacturers.
Additionally, the relationship between the thermal impedance as a function of pulse duration (Fig. 18) , and the power cycling lifetime curve is required to calculate the life cycles of the IGBTs in the power converter, as shown in Fig. 8 . By applying the IGBT thermal information and the maximum temperature reached when the motor starts, it is possible to calculate the CBF using Eq. 15. Once CBF is computed, the lifetime in years can be calculated using Eq. 16. In general, the calculation of CBF considers the maximum temperature T jmax and the change of temperature, T = T jmax − T f . Table 5 shows the calculation of the TBF of the PID, Fuzzy and Fuzzy-PSO controllers, whereas Fig. 19 shows the behavior of the TBF versus temperature. The results demonstrate that the Fuzzy-PSO controller could achieve a longer lifetime. Usually, the power cycle lifetime curve is provided by power electronics manufacturers in a range of temperatures between 40 to 80 • . Future work will focus on evaluating other controllers that can manage the speed set point and the temperature of the semiconductors. Moreover, several power electronics topologies can also be evaluated to improve the response of the electric drive.
VI. CONCLUSION
In this paper, a controller design that can increment the power electronics stage lifetime and reach the reference speed for brushless DC drives was proposed. The controller design considers the current temperature in the power electronics stage, reference temperature, current motor speed, and reference motor speed. These features are considered as an objective function of the controller optimization. The error is proposed as a sum of the temperature error and the speed error. Moreover, the PID, fuzzy logic, and Fuzzy-PSO controllers are designed and analyzed using NI LabVIEW TM and Multisim TM co-simulation software. According to the results, the PID controller acts quickly in order to reach the desired speed, but the temperature in the power electronics stage, which increases the time taken to reach the desired value. FLC provides a good response in terms of reaching the desired temperature and speed by reducing the temperature in the power electronics stage, which increases the time taken to reach the desired value. This is because the PSO algorithm is used to tune the membership function of the controller in order to reduce the temperature in the power electronics stage. As a result of this optimization, the Fuzzy-PSO controller obtains a good response that increases the power electronics lifetime and reaches the desired set point. Specifically, the Fuzzy-PSO controller increases the time to reach the desired speed and reduces the overshoot of the current during the transition time which produces minimal stress and degradation of the power electronics components.
